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ABSTRACT 


An  experimental  study  was  made  on  the  effects  of  gasoline  contamination 
of  methanol  relative  to  steam  reforming  of  the  mixture. 

At  the  conventional  steam  reforming  temperature  of  350-400°F  soot 
was  produced  with  a 90/10  mixture  of  methanol  and  gasoline  (by  weight).  A 
parametric  study  was  conducted  to  evaluate  the  effects  of  higher  temperature 
and  higher  steam  to  carbon  ratio  with  four  different  catalysts. 

Soot-free  operation  was  obtained  with  GirJler  catalyst  T-2107  at 
an  operating  temperature  of  750CF  at  a steam  to  (total)  carbon  ratio  of  3.8. 
Essentially  all  the  gasoline  is  converted  into  light  gaseous  hydrocarbons, 
primarily  methane.  A trace  of  light-yellow  oil  droplets  could  be  detected  in 
the  cooled  product  gas  condensate. 

A 100  hour  test  showed  no  deterioration  of  the  T-2107  catalyst 
activity  under  the  above  conditions. 
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1 . 0 PROJECT  PROGRAM 

1 . 1 Introduction 

Methanol  is  an  excellent  fuel  for  fuel  cells.  It  is  more  convenient 
to  store  than  hydrogen.  It  can  be  readily  steam  reformed  to  hydrogen  and  CO^ 
at  relatively  low  temperatures  and  low  steam/carbon  ratios.  The  U.S.  Army 
Material  Development  and  Readiness  Command  has  developed  a methanol  steam  re- 
forming unit  to  supply  hydrogen  to  a portable  fuel  cell  power  plant  of  3KVJ 
capacity.  During  handling  and  storage  of  methanol  Ln  the  field,  it  could  become 
contaminated  with  gasoline  or  diesel  fuel.  It  is  difficult  to  steam  reform  such 
contaminated  methanol  as  steam  reforming  of  the  hydrocarbons  from  gasoline  or 
diesel  fuel  requires  breaking  of  carbon-carbon  bonds.  This  normally  requires 
temperatures  of  1200°F  or  above,  while  the  steam  reforming  of  methanol  can  take 
place  at  350-400°F. 

A contract  was  granted  to  JPL  to  investigate  the  effect  of  such  hydro 
carbon  contamination,  and  to  find  a potential  solution  to  this  problem.  The 
overall  objective  was  to  screen  a number  of  promising  catalysts  over  a range  of 
temperatures  to  find  an  optimum  set  of  operating  conditions  for  gasification  of 
gasoline  contaminated  methanol.  If  such  a condition  was  found,  a long  duration 
life  time  test  (100  hours)  would  be  carried  out  to  prove  the  technical  feasi- 
bility of  the  concept. 

In  previous  work  at  IGT  the  steam  reforming  of  methanol  contaminated 
with  small  amounts  of  ethanol,  propanol  and  butanol  was  studied.  This  mixture 
simulated  impure  methanol  that  could  be  produced  from  coal  processing,  and  which 
is  normally  called  methyl  fuel.  This  work  showed  that  carbon  deposition  would 
take  place  on  the  catalyst  at  the  normal  operating  temperature  of  350-400°F. 

It  appeared  that  gasoline  would  be  a worse  contaminant  to  handle  than 
C9-C^  alcohols.  It  was  decided  to  study  gasoline  contamination  first,  and  that 
any  solution  for  gasoline  contamination  should  take  care  of  the  C7~C^  alcohols 


1.2  Program  Goa  1 s 

The  objective  of  this  program  was  to  successfully  steam  reform 
methanol  contaminated  with  gasoline.  The  following  goals  were  to  be  obtained: 

1.2.1  Determine  the  minimum  reactor  bed  temperature,  steam  to  carbon 
ratio,  and  space  velocity  for  methanol/gasoline  mixtures  with  several  promising 
catalysts  in  order  to  produce  a gasified  product  that  can  be  utilized  in  a 
phosphoric  acid  fuel  cell.  This  implies  that  the  CO  concentration  in  the  product 
gas  should  be  less  than  one  percent. 

1.2.2  Determine  the  effect  of  the  contaminants  on  catalyst  activity, 
specifically  any  reduction  in  activity  by  carbon  deposition. 

1.2.3  Determine  the  minimum  reactor  bed  temperature  and  steam  to  carbon 
ratio  to  prevent  soot  formation. 

1.2.4  If  successful,  demonstrate  process  feasibility  by  a continuous  100 
hour  test  conducted  at  the  optimum  operating  conditions  and  with  the  best  catalyst. 
2 • 0 TEST  DESCRIPTION 

2 . 1 Technical  Background 

The  basic  reactions  occurring  in  steam  reforming  of  methanol  are 
CH30H  + H,,0  C07  + 3H2 

CO,,  + n9  CO  + H.,0 

However,  at  a temperature  of  400  F and  at  atmospheric  pressure,  the  predicted 
thermodynamic  equilbria  is  as  follows: 

CH-jOH  + 1.5  H,,0  .26  CO  -i  0.97  CO,  + 0.526  H.,0  + 2.97  H, 

This  corresponds  to  a CO  concentration  of  0,6  volume  percent  (wet). 

The  steam  reforming  reaction  of  unleaded  gasoline  (('!!,  „ ) mav  he 

1 . v /( 

described  as 

CH,  ,,  + H.,0  — ► CO  + 1.97  II 
1 . ' 
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This  reaction  normally  takes  place  at  1 200°F  or  above  over  a nickel 
catalyst.  It  is  not  possible  to  steam  reform  gasoline  by  itself  at  lower 
temperatures.  Thus  the  big  unknown  factor  at  the  beginning  of  this  work  was 
what  temperature  would  be  required  to  steam  reform  mixtures  of  methanol  and 
gasoline. 

These  reactions  are  endothermic  i.e.,  externa]  heat  must  be 
supplied  through  a heat  exchanger  surface.  The  carbon  monoxide  that  is  formed 
can  react  with  more  steam,  if  available,  according  to  the  shift  reaction: 

CO  + H20  ^ C09  + b'2 

This  reaction  is  the  controlling  equilibrium  reaction  for  the  produc- 
tion of  carbon  monoxide  or  carbon  dioxide.  At  temperatures  of  1200°K  and  above, 
carbon  monoxide  is  the  primary  product,  while  at  350°-400°I:’,  carbon  dioxide  is 
the  principal  product. 

Five  important  parameters  to  be  considered  in  steam  reforming  are  the 
steam/carbon  molar  ratio,  the  reactor  bed  temperature,  the  space  velocity,  preheat 
temperature,  and  catalyst  activity  and  life.  Thus  the  composition  of  the  gases 
leaving  the  reforming  reactor  is  dependent  on  these  factors. 

In  preliminary  experiments  it  was  found  that  methanol  and  gasoline  mix 
over  a wide  range  of  composition,  while  diesel  fuel  and  methanol  form  two  immiscible 
layers.  Only  the  lighter  fraction  of  the  diesel  fuel  appears  to  dissolve  in  the 
methanol.  Thus  it  is  difficult  to  define  diesel  fuel  contamination,  as  it  depends 
on  the  manner  of  mixing  and  the  duration  of  contact  between  the  two  phases.  In 
any  case  the  light  end  of  diesel  fuel  will  be  similar  in  compos i t ion  to  gasoline. 

it  was  decided  to  study  a 90/10  mot  hatio  1 /gaso  1 i no  mixture.  The  relative!  v 
high  gasoline  percentage  was  chosen  so  that  any  changes  in  produel  gas  composition 
due  to  the  presence  of  gasoline  could  he  measured  with  ro. isonub  1 o aceuraev.  Also, 
if  anv  carbon  deposition  on  t he  catalyst  were  to  take  place,  it  should  be  noticeable 


quite'  soi'ti,  i.e.  within  a lew  hours. 
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2.2  Test  Equipment^  and  Tost  Pri>cedure 

Tho  tost  system  is  shown  schematically  in  Fig.  2-1.  An  actual 
photograph  showing  the  steam  reformer  is  shown  in  Fig.  2-2.  An  Inconel 
reactor  with  2.46*1  inches  inside  diameter  (2-1/2"  nominal  pipe,  sch  40) 
by  24  inches  length  was  fabricated  to  fit  into  an  electrically  heated  furnace. 

The  reaction  chamber  contains  the  test  catalyst. 

The  fuel  feed  tank  was  filled  with  premixed  methanol/gasoline 
mixture.  Fuel  flow  as  well  as  water  flow  were  measured  using  calibrated 
rotameters  in  series  with  orifice  meters.  Separate  electrical  heaters  preheat 
and  vaporize  the  reactants.  The  mixed  vaporized  fuel  and  water  streams  flow 
downward  through  the  catalyst  bed,  through  a water  cooled  heat  exchanger,  through 
a refrigeration  unit,  through  a condensate  collector  and  then  to  the  atmospheric 
vent.  The  reactor  has  thermocouples  to  monitor  the  wall  and  catalyst  temperatures 
as  well  as  reactant  and  product  temperatures.  A sample  line  after  the  gas  cooling 
apparatus  provides  a continuous  sample  to  the  gas  analyzer  for  the  determination 
of  hydrogen,  carbon  dioxide,  carbon  monoxide  and  volatile  hydrocarbon  gases. 

1 . 0 RAW  MATERI  AL  SPEC 1 FI  CAT  1 ONS 

1 . 1 Fuels 

1.1.1  Me  t llano  1 


Technical  tirade  A (procured  from  Southland  Industrial  Products  of 
Eos  Angeles,  CA) . 

1.1.2  Unleaded  gasoline.  Indolent1  Clear,  Federal  test  fuel.  The  chemical 
composition  as  determined  hv  fruesdail  lab  in  E.A.  is  as  follows: 
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3.2  Catalysts 

Four  catalysts  were  evaluated  over  a range  of  operating  conditions. 

The  physical  and  chemical  characteristics  of  these  catalsvts  are  given  in  Table 
3-1.  Three  of  these  catalysts,  namely  T-2107-RS,  G-(S6  R-RS  and  1C1  52-1  are 
classified  as  low  temperature  shift  conversion  catalysts.  Girdler  G-56B  represents 
a steam  reforming  catalyst  for  hydrocarbons. 

Low  temperature  (480-500°F)  and  low  steam/carbon  monoxide  ratios  are 
primary  objectives  for  the  operating  conditions  under  which  these  catalysts  would 
perform  best  in  commercial  applications.  Copper/z.inc  oxide  combinations  have  been 
found  to  be  the  most  effective  catalysts  wherein  the  carbon  monoxide  conversion  to 
carbon  dioxide  and  not  to  methane  or  carbon  is  desired.  Within  this  combination 
copper  is  the  active  catalyst  and  zinc  oxide  is  the  so-called  "spacer".  The  role 
of  zinc  oxide  is  to  maintain  the  copper  catalyst  as  small  crystallites  and  reduce 
the  crystallite  growth  (thermal  sintering)  under  operating  conditions.  Small 
crystallites  of  copper  are  much  more  desirable  than  large  ones  because  of  the 
higher  surface  area  (hence  greater  activity)  possessed  by  numerous  small  catalyst 
sites.  Alumina  is  also  used  as  a spacer  with  zinc  oxide.  Alumina  and  zinc  oxide 
are  different  in  terms  of  their  aging  properties,  however.  Alumina  is  an  inert 
oxide  which  will  maintain  its  oxidation  state  and  structural  integrity  under  those 
operating  conditions  (reducing  atmosphere  and  temperatures  ''370  F)  nearly  indefinitely. 
Zinc  oxide  on  the  other  hand  will,  although  much  slower  than  copper,  grow  slowly 
in  crystallite  size  with  time  thus  allowing  the  copper  crystallites  to  grow  also. 

In  addition,  zinc  oxide  is  slowly  reduced  to  zinc  which  will  then  alloy  with  copper 
forming  brass.  These  changes  also  alter  the  pore  size  of  the  catalyst.  Different 
catalyst  preparation  techniques  have  altered  the  aging  processes  ot  these  catalysts 
but  prolonged  operation  of  these  catalysts  at  temperatures  above  their  limit  (till)  F) 
in  the  water-gas  shift  reaction  will  reduce  the  lifetime  of  low  temperature  operation. 
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When  these  low  temperature  shift  catalysts  are  applied  to  the  steam 
reforming  of  methanol,  the  catalysts  are  operating  under  different  conditions  and 
catalyzing  different  reactions.  Although  some  shift  reaction  probably  takes  place 
(CO  + H?0  ->  C0?  + H?)  the  basic  reaction  CH^  OH  4-  H^O  -*  CC^  + 3H£  is  similar. 

When  hydrocarbons  such  as  gasoline  are  mixed  with  methanol  and  this 
solution  is  steam  reformed  conditions  different  than  those  used  in  simple  steam 
reforming  of  methanol  are  required.  The  steam  reforming  of  hydrocarbons  requires 
carbon-carbon  bond  breakage  as  well  as  carbon-oxygen  bond  formation  and  therefore 
follows  a different  mechanism  than  the  methanol  reaction.  Different  catalysts 
promote  these  types  of  reactions  compared  to  the  catalysts  effective  on  the  simpler 
methanol  reaction.  Further,  gasoline  is  composed  of  a mixture  of  hydrocarbons  and 
different  carbon-carbon  bond  strengths,  i.e.,  paraffinic,  olefinic  and  aromatic 
(including  some  polynuclear  aromatics)  with  single,  double  and  conjugated  bonds 
respectively.  The  breakage  of  these  carbon  bonds  becomes  progressively  more  diffi- 
cult with  the  polynuclear  aromatics  being  the  most  inert.  In  the  attempt  to  steam 
reform  a methanol-gasoline  solution  (90/10  wt)  at  temperatures  well  below  those  used 
in  steam  reforming  of  hydrocarbons,  the  use  of  low  temperature  shift  catalysts, 
with  slight  modifications,  was  explored.  Since  the  major  difficulty  in  the  initial 
reaction  of  gasoline  is  the  breaking  of  carbon-carbon  bonds  without  forming  soot  the 
combination  of  more  alumina  and  higher  steam  to  carbon  ratio  seemed  necessary.,  In 
addition  to  being  more  stable  at  higher  temperatures,  alumina  is  more  acidic  than 
zinc  oxide  thereby  aiding  in  the  initiation  of  carbon-carbon  bond  breakage.  The 
series  of  catalysts  which  would  help  bear  out  the  alumina  effect  was  G66B  (no 
alumina),  G66C  (Al/Cu  = 1/1.9),  T-2107  (Al/Cu  = l/l),  and  52-1  (Al/Cu  = 1/1.6). 

At  operating  conditions  above  the  manufacturer's  suggested  temperatures  for  these 
shift  catalysts  the  low  temperature  shift  activity  may  be  reduced  but  the  effect 
on  the  steam  reforming  of  methanol /hydrocarbon  solutions  has  no  precedent  from 
which  the  manufacturers  are  able  to  predict  activity  or  durability.  The  relatively 


unchanged  activity  of  the  catalyst  T-2107  after  25  hours  of  steam  reforming  at 

various  temperatures  ranging  to  as  high  as  1200°F  (exit)  indicates  that  the 

activity  of  this  catalyst  for  steam  reforming  the  methanol  solution  is  not  dependent 

on  all  the  same  parameters  that  the  shift  activity  is.  Because  of  the  range  of 

temperatures,  the  accumulated  time  of  operation  and  the  apparent  retention  of 

activity  compared  to  the  other  catalysts,  catalyst  T-2107  seems  to  be  the  best 

choice  for  duration  testing.  The  ability  for  it  to  maintain  activity  is  presumed 

to  be  a combination  of  high  alumina  content  and  low  zinc  content  but  other  catalysts 

should  be  tested  before  the  mechanism  can  be  clearly  understood. 

4 • 0 PROCESS  PARAMETRIC  STUDY 

4 . 1 Results  and  Discussion 

The  test  data  was  recorded  by  two  methods: 

o A digital  data  acquisition  system  was  used  to  record  test  data  on 
magnetic  tape  cassettes  for  post-run  computer  data  reduction. 

o Manual  entries  into  log  sheets  were  made  for  operator  and 
engineering  observations. 

Tables  4-1,  4-2,  4-3  and  4-4  show  the  measured  and  reduced  data  for  the 
steam  reforming  of  a mixture  of  methanol  and  gasoline  (90/10%  by  weight)  using 
catalysts  T-2107-RS,  ICI-52-1,  G-66B-RS  and  G-56B.  The  steam  reformer  system  was 
operated  over  a range  of  molar  ratio  of  steam  to  carbon  of  1.5  to  15.0  and  over  a 
reactor  bed  exit  temperature  range  of  450  to  1150°F.  The  correlations  and  inter- 
actions between  hydrogen  yield,  reactor  bed  exit  temperature,  steam  to  carbon 
ratio,  residual  gaseous  hydrocarbons,  carbon  monoxide,  and  soot  formation  for  each 
catalyst  tested  are  discussed  below  under  respective  sub-sections. 

4.1.1  Hydrogen  Yield 

The  hydrogen  yield  in  these  test  runs  is  defined  as  the  ratio  of  the 
actual  amounts  of  hydrogen  produced  under  the  test  conditions  to  the  maximum 
amount  of  hydrogen  that  could  have  been  produced  from  the  input  fuel  for  100% 
conversion  of  both  methanol  and  gasoline.  This  ratio  is  expressed  as 

_ lv> 

1(LCI,)+  cc02i+  l'CH4ll 
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where  the  square  brackets  indicate  dry  volume  percentages  in  the  product  gas. 

It  should  be  noted  that  197,  of  the  total  carbon  Input  comes  from  the  gasoline. 

Figures  4-1,  4-2,  4-3,  4-4  and  4-5  show  the  correlation  between  hydrogen  yield, 
reactor  bed  exit  temperature  and  steam  to  input  carbon  molar  ratio  for  catalysts 
T-2107,  I Cl  52 , C-66H-RS,  G-56B  and  all  these  four  catalysts  together  respectively. 

From  Figure  4-1  through  4-3  it  is  evident  that  for  every  100°F  increase  in  reactor 
bed  temperature  there  in  3.87  decrease  in  direct  hydrogen  yield.  It  is  also 
apparent  that  as  the  steam  to  carbon  ratio  is  increased,  the  hydrogen  yield  Increases, 
The  decrease  in  hydrogen  yield  with  increase  in  temperature  or  decrease  in  steam 
to  input  carbon  molar  ratio  is  due  to  the  water-gas  shift  reaction. 

In  Figure  4-1  the  areas  enclosed  bv  anc*  ^'l^'2^2*'l 

show  the  hydrogen  yield  with  respect  to  bed  exit  temperature  for  steam  to  carbon 
ratios  of  1.5,  3.0  and  6.0  respectively.  The  variation  in  space  velocity  accounts 
for  the  spread  of  data  for  the  same  steam  to  carbon  ratio.  The  same  observ.tt  ion 
holds  true  for  the  Figures  4-2  through  4-4. 

Figures  4-1  to  4-3  also  indicate  that  the  hydrogen  yield  is  higher 
with  c.atalyst  T-2107--RS  than  with  IC1-52  and  0-66B-RS  under  identical  reactor 
bed  exit  temperatures  and  steam  to  carbon  ratios. 

The  hydrogen  yield  for  catalyst  C-56B  (Figure  4-4)  indicates  that 
this  catalyst  has  very  little  activity  below  1000°F.  This  was  to  be  expected  as 
C.-56B  is  a steam  reforming  catalyst  for  hydrocarbons.  The  hydrogen  yield  increases 
rapidly  with  an  increase  in  temperature  above  1000°F. 

Figure  4-5  shows  the  data  for  all  four  catalysts  on  one  plot.  As  such 
it  is  a generalized  plot  of  hydrogen  yield  vs.  reactor  bed  exit  temperature. 

This  plot  shows  how  the  data  points  can  be  grouped  under  steam  to  carbon  ratios  of 
1.5  (area  AjA.,B.,Bj),  S.O  (area  B j B ) and  6.0  (area  C ^ C ,D,,I)  j ) . The  hydrogen  yield 

is  stropg.lv  dependent  on  steam  to  carbon  ratio  and  on  the  reactor  bod  exit  tempera- 
ture, and  not  so  much  on  the  catalyst. 
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It  should  be  noted  that  the  plots  of 

0*2 1 

3YlC03+tC02l+(CH4j  $ 

do  not  represent  the  ultimate  yield  of  hydrogen.  The  product  may  be  cooled 
down  to  400°F  and  passed  over  a low  temperature  shift  catalyst  bed  to  convert 
most  of  the  CO  to  more  hydrogen. 

4.1.2  Gaseous  Hydrocarbons 

The  gaseous  hydrocarbon  fraction  is  defined  as  the  ratio  of  the 
moles  of  hydrocarbons  in  the  product  gas  stream  to  moles  of  output  carbon,  where 
the  latter  are  the  total  moles  of  carbon  monoxide,  carbon  dioxide  and  hydrocarbons 
in  the  product  gas  stream.  The  gaseous  hydrocarbon  fraction  is  essentially  all 
methane.  Figure  4-6  indicates  the  correlation  between  the  gaseous  hydrocarbons, 
the  reactor  bed  exit  temperature  and  soot  formation.  Data  points  with  soot 
formation  are  shown  by  shaded  symbols. 

If  all  the  gasoline  present  is  converted  to  methane,  and  none  of 

this  methane  is  steam  reformed  to  hydrogen,  then  the  maximum  methane  will  be 

19.4%  for  a 90/10%  by  wt . methanol/gasoline  mixture.  This  is  shown  by  the 

dotted  line  in  Figure  4-6.  So  for  values  of  methane  below  19.4%,  we  may  assume 

that  some  of  this  methane  has  been  steam  reformed  into  hydrogen.  For  values  of 

CH^  above  19.4%,  we  may  assume  that  some  of  the  methanol  is  converted  to  methane. 

This  explanation  also  applies  to  column  of  CH. / . 1 91 4 CO+CO„+CH,  in  Tables  4-1 

4 2 4 

to  4-4. 

The  occurance  of  soot  formation  was  determined  from  the  amount  of 
soot  particles  collected  in  the  condensate  from  the  product  gas.  This  soot 
formation  was  rated  on  the  scale  of  0 to  10,  zero  being  soot  free  and  10  represent- 
ing an  appreciable  amount  of  soot.  This  qualitative  rating  is  tabulated  in 
Tables  4-1  to  4-4  for  each  test  run.  The  data  points  with  soot  formation  are 
marked  with  shaded  symbols  in  Figure  4-6. 
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The  data  points  in  the  zone  bo  low  tin1  solid  line  are  essential lv 
soot  free  for  steam  earbon  ratios  above  b.0,  while  most  of  the  data  points  in 
the  zone  above  the  solid  line  have  varying  degrees  of  soot  formation  for  s/C 
ratios  below  3.0.  The  negative  slope  of  the  solid  line  indicates  that  more 
methane  is  steam  reformed  at  higher  temperature.  This  plot  also  indicates  that 
soot  formation  is  accompanied  by  higher  methane  contents  in  the  product  gas 
stream. 

4.1.3  Carbon  Monoxide 

Figure  4-7  shows  the  effect  of  reactor  bed  exit  temperature  and 
steam  to  carbon  ratio  on  the  earbon  monoxide  concent  ration.  It  also  identifies 
the  data  points  with  soot  formation  by  shaded  symbols  (as  discussed  in  Section 
4-2).  From  this  plot  it  is  evident  that  carbon  monoxide  concentration  increases 
as  the  realtor  bed  exit  temperature  increases  or  as  the  steam  to  earbon  ratio 
decreases.  This  is  obviously  in  line  with  the  equilibrium  of  the  water  gas  shift 
react  ion. 

4.1.4  Liquid  Hydrocarbons  in  Condensate 

Some  of  the  condensate  from  the  product  gas  had  an  oilv  film  or 
oily  droplets  floating  on  top  of  the  water  level  while  other  samples  were  essen- 
tially oil  free.  Perhaps  a better  description  of  the  oil  might  be  a yellow  liquid 
hydrocarbon.  This  oil  formation  was  rated  on  a scale  of  0 to  10,  zero  being  oil 
free  and  10  representing  an  appreciable  amount  of  oil.  This  qualitative  rating 
is  tabulated  in  Tables  4-1  to  4-4  for  each  test  run.  A rating  of  five  might  re- 
present on  the  order  of  a percent  of  ttie  gasoline  throughput. 

Figure  4-8,  a photograph  of  four  condensate  samples  taken  from  test 
runs  with  exit  temperatures  of  bOO,  br>0,  /00  and  7r>0°F  with  catalyst  T-7I07-RS 
indicates  verv  elearlv  that  as  the  reactor  hod  exit  temperature  increases,  the 
yellowish  coloration  caused  bv  the  presence  of  oil  droplets  decreases. 


Ail  ana  ! vs  i s 
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of  this  yellow  liquid  hydrocarbon  showed  that  it  is  similar  to  the  heavy  end 
of  the  gasoline.  It  proved  to  be  very  difficult  to  obtain  representative 
condensate  samples  in  short  duration  runs.  The  samples  in  Figure  4-8  were 
in  fact  from  the  100  hour  test  of  catalyst  screening. 

4 . 2 Conclusions 

The  experiments  described  above  lead  to  the  following  conclusions: 

1.  It  appears  to  be  possible  to  gasify  the  gasoline  in  the  methanol 
during  steam  reforming  of  the  mixture.  The  gasoline  is  almost 
totally  converted  into  methane.  Trace  amounts  of  the  gasoline  are 
converted  into  a yellow  liquid  hydrocarbon  that  is  probably  gaseous 

at  300°F  (to  be  confirmed)  and  condenses  out  at  room  temperature.  The 
presence  of  these  trace  amounts  of  hydrocarbons  should  not  affect  fuel 
cell  operation  at  300°F  or  above. 

2.  The  above  results  can  be  obtained  at  temperatures  in  the  range  of 
650-750°F,  at  steam  to  carbon  molar  ratios  of  approximately  5,  and 
at  input  space  velocities  of  1600  hour  * (STP),  utilizing  catalyst 
T-2107-RS. 

3.  Soot  formation  takes  place  at  temperatures  below  650-750°F  and/or 
at  steam  to  carbon  ratios  below  5. 

4.  It  is  difficult  to  get  good  data  on  soot  and  residual  liquid  hydro- 
carbon formation  in  short  duration  tests  of  a few  hours.  To  test 
the  validity  of  the  above  results,  and  also  obtain  an  indication  of 
the  stability  of  the  catalyst,  a long  duration  test  is  essential. 

It  was  decided  to  utilize  catalyst  T-2107-RS  for  the  J 00  hour  test 
because  of  its  good  performance  over  a wide  temperature  range,  and 
because  of  its  apparent  high  temperature  stability. 

5 . 0 100  HOUR  TEST 

5.1  Test  Procedure 


The  process  feasibility  was  demonstrated  bv  operating  the  steam  reforming 
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system  amt  imumsly  lor  one  hundred  hours  without  any  major  problems  and  by 
shutting  the  system  down  voluntarily. 

The  process  schematic  and  the  test  equipment  for  this  test  were  the 
same  as  those  reported  in  Section  2.0  except  thermocouple  68  was  relocated  to 
the  top  of  the  bed  in  the  gaseous  phase  region.  The  reactor  was  filled  with  a 
now  batch  of  catalyst  T-2107-RS  up  to  a bed  height  of  10".  The  catalyst  pel  lets 
were  of  1/16"  x 1/16"  size  and  the  weight  of  the  catalyst  was  2 lbs  (896  gins). 

The  test  was  started  on  6/9/77  (Monday)  at  noon.  The  reactor  bed  exit  temperature 
was  measured  by  TO 6 6 at  one  inch  from  the  bottom  of  the  catalyst  bed.  This 
thermocouple  was  located  inside  the  thermowell  in  the  center  of  the  reactor. 

For  tlie  first  seventeen  hours  tin.'  reactor  bed  exit  temperature  was 
controlled  at  630°F  (the  maximum  temperature  recommended  by  the  catalyst  manufacturer 
for  low  temperature  shift  conversion)  and  at  a steam  to  carbon  molar  ratio  of  1.8. 
However,  at  these  operating  conditions  liquid  hydrocarbons  were  found  in  the 
condensate  stream  indicating  a portion  of  tin*  gasoline  in  the  feed  was  neither 
steam  reformed  nor  converted  to  gaseous  hydrocarbons.  To  reduce  these  liquid 
hydrocarbons  the  steam  to  carbon  molar  ratio  was  increased  and  decreased  to  6.2 
and  2.5  respectively,  but  the  effect  was  nil  so  after  27  hours  of  operation  the 
reactor  bed  exit  temperature  was  raised  to  approximately  690°F.  At  this  temper- 
ature the  amount  of  liquid  hydrocarbons  in  the  condensate  had  decreased,  but  was 
still  appreciable.  So  alter  i9  hours  reactor  bed  exit  temperature  was  raised  to 
7 7 0°F  and  the  st  earn  to  carbon  molar  ratio  was  varied  from  5.8  to  5.1.  Finally 
at  ter  65  hours  of  operation  the  reactor  bed  exit  temperature  was  raised  to  H2()'  F, 
and  the  steam  to  carbon  molar  ratio  was  increased  from  1.8  to  • t . 7 . At  these 
operating  conditions  the  liquid  hydrocurb »ns  in  the  condensate  stream  were  completely 
eliminated.  file  test  was  terminated  voluntarily  utter  10.’  hours  ot  cent  inuous 
operation.  Figure  5-/  shows  the  variation  in  temperature  with  time  (to  be  discussed 


more  later)  . 
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Figures  5-1  and  5-2  show  the  variation  in  space  velocity  and 
steam  to  carbon  molar  ratio  for  100  hours  of  test  operation.  The  average  space 
velocity  was  1050  hr  ^ and  the  steam  to  carbon  molar  ratio  was  varied  from 
3.8  to  5.2. 

Space  velocity  is  defined  as  the  volumetric  rate  of  flow  of  the  input 
gases,  measured  at  standard  temperature  and  pressure,  divided  by  the  volume  of 
the  catalyst  bed,  expressed  as  hours  Unless  noted  otherwise,  this  is  the 
space  velocity  used  in  this  report.  Another  definition  of  space  velocity  is  in 
use  based  upon  the  output  of  hydrogen.  This  "hydrogen  space  velocity"  may  be 
defined  as  the  volumetric  flow  rate  of  hydrogen  product  gas,  measured  at  standard 
temperature  and  pressure,  divided  by  the  volume  of  the  catalyst  bed,  expressed 
as  hours  \ Both  space  velocities  are  shown  in  Tables  4-1  through  4-4. 

5.2  Results  and  Discussion.  The  test  data  was  recorded  by  two  methods: 

A digital  data  acquisition  system  was  used  to  record  test  data  on  magnetic  tape 
cassettes  for  post-run  computer  data  reduction.  Manual  entries  into  log  sheets 
were  made  for  operator  and  engineering  observations. 

Table  5-1  shows  the  measured  and  reduced  data  for  the  hundred  hour 
test  run.  The  steam  reformer  system  was  operated  over  a range  of  molar  steam  to 
carbon  ratios  of  3.5  to  5,2  and  over  a reactor  bed  exit  temperature  range  of 
600  to  820°F.  The  correlations  and  interactions  between  hydrogen  yield,  reactor 
bed  exit  temperature,  steam  to  carbon  molar  ratio,  residual  gaseous  hydrocarbons, 
carbon  monoxide,  hydrogen,  carbon  dioxide  and  space  velocity  are  discussed  below 
under  respective  sub-sections. 

5.2.1  Hydrogen  Yield.  Figure  5-3  shows  the  correlation  between  hydrogen 
yield  as  defined  in  section  4.1  and  the  reactor  bed  exit  temperature  for 
catalyst  T-2107-RS  during  100  hours  of  test  operation.  From  this  figure  it  is 
evident  that  as  the  reactor  bed  temperature  increases  there  is  a decrease  in  the* 
hydrogen  yield  due  to  the  water-gas  shift  reaction.  This  confirms  the  earlier 
observation  made  in  section  4.1.1.  The  hydrogen  yield  above  100%  reported  in 


Figure  5- 3 indicates  soot  formation  in  the  roar tor  as  tin*  denorni nator  term  in  flu* 
definition  of  the  hydrogen  yield  assumes  no  soot  formation.  This  soot  formation 
was  confirmed  hv  the  ratio  of  "carbon  out"  to  "carbon  in"  given  in  Table  6-1 
Tiie  comparison  of  Figures  4- 1 and  5-3  indicates  that  under  similar  operating  con- 
ditions namely  reactor  bod  exit  temperature,  steam  to  earbon  molar  ratio  and  spare 
velocity,  a higher  hydrogen  yield  was  obtained  in  the  100  hour  test  run  than  in  the 
short  duration  tests.  The  catalyst  in  the  short  duration  tests  was  subjected  to 
very  high  temperatures  (I200'F),  which  in  turn  might  have  decreased  the  activity 
of  the  catalyst.  This  is  probably  the  reason  for  the  different  results. 

5.2.2  Gaseous  Hydrocarbons 

The  gaseous  hydrocarbon  fraction,  primarily  GH^  is  defined  in  Section 
4.2.  Figure  5-4  shows  the  correlation  between  the  gaseous  hydrocarbons  and  the 
reactor  bed  exit  temperature.  From  this  figure  it  is  apparent  that  the  amount  of 
gaseous  hydrocarbons  decreases  as  the  reactor  bed  exit  temperature  Increases.  More 
methane  is  steam  reformed  into  hydrogen  at  higher  temperatures.  This  agrees  with 
the  observation  made  in  Section  4.1.2.  However,  the  comparison  of  Figures  5-4 
and  4-6  indicates  that  under  similar  operating  conditions  the  gaseous  hydrocarbons 
formation  was  considerably  less  in  the  100  hour  test  run  than  the  short  duration 
tests.  As  for  hydrogen,  the  explanation  probably  lies  in  lower  activity  of  the 
catalyst  in  the  short  duration  tests  due  to  high  temperature  exposure 

5.2.3  Product  Distribution 

5.2.3. 1 Experimental  Measurements 

Figures  5-5  and  5-6  show  the  composition  of  hydrogen,  carbon 

dioxide,  carbon  monoxide  and  methane  on  a dry  basis.  It  is  evident  from  Figure  5-5 

t ii.it  the  hydrogen  yield  remained  at  approximately  the  same  level  throughout  the 

1 110  hours  of  test  operation.  This  indicates  no  reduction  in  activity  of  the  eatalvst 

> - i ! ) 7 even  at  temperatures  of  H.’o'  F and  after  long  duration  testing.  It  is  also 

evident  that  the  concent  rat  ion  of  GO.,,  CM.  and  GO  in  tin*  product  gas  also  staved 

- a 
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r>.2.  1.2  Comparison  of  Experimental  Results  with  Kqui  Librium  Prediction 
The  theoretical  equilibrium  gas  compositions  for  methanol- 
gasoline  mixtures  was  calculated  with  the  CFC  71  JANNAF  Thermodynamic  Equilibrium 
program  and  are  plotted  vs.  steam  to  carbon  molar  ratio  in  Figure  5-9  for  the  reactor 
bed  temperature  of  800°F  at  a pressure  of  1 atm.  The  experimental  values  of  product 
composition  (H^*  CO^ > CO,  CH^) , as  measured  at  a reactor  bed  temperature  of  800°F 
and  a steam  to  carbon  molar  ratio  of  3.8  and  4.8,  are  also  shown  in  Figure  5-9,, 

This  figure  indicates  that  essentially  all  of  the  gasoline  in  the  fuel  is  steam 
reformed  to  hydrogen,  instead  of  hydrogenated  to  methane.  This  conclusion  may  be 
drawn  from  the  low  CH^  concentration  (0.8%)  that  was  measured  relative  to  the  high 
CH^  concentration  predicted  at  equilibrium  (8.5%). 

CH.  + 2H-0  -v  CO.  + 4H 
4 2 LI 

For  each  mole  of  methane  that  is  steam  reformed  there  will 
be  produced  four  moles  of  hydrogen  and  one  mole  of  carbon  dioxide,  while  two  moles 
of  water  are  consumed.  If  we  subtract  the  experimental  CH^  concentration  from  the 
equilibrium  value,  and  convert  the  difference  into  hydrogen  by  steam  reforming,  we 
obtain  additional  hydrogen,  namely  26.1  volume  percent.  If  we  now  add  this  extra 
hydrogen  to  the  equilibrium  hydrogen,  it  adds  up  to  a value  of  41.9  volume  percent. 
This  is  in  good  agreement  with  the  experimental  value  of  41,1  % . In  the  same 

way,  the  water  content  would  decrease  to  43.0%,  which  compares  well  with  an  experi- 
mental value  (derived)  of  44.0%.  In  other  words,  the  higher  than  equilibrium 
hydrogen  can  be  explained  in  a satisfactory  manner  this  way. 

5.2.4  Reactor  Temperature  Profile 

Figure  5-7  shows  the  reactor  bed  exit  temperature  measured  by  TC-55 
at  1"  above  the  bottom  of  the  bed,  as  well  as  the  gas  preheat  temperature  measured 
by  TC-68.  The  reactor  bed  exit  temperature  was  raised  from  600°F  to  820°F  in 
several  steps  as  discussed  in  section  5.1.  As  the  reactor  bed  exit  temperature 
was  raised  by  an  external  heat  source,  it  also  raised  the  preheat  temperature  of 
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tho  mixture  of  steam  and  fuel  vapors.  This  was  partly  due  to  the  reactor  tube 
being  only  half  full,  and  the  top  half  thus  acting  as  a prechamber.  The  gas 
preheat  temperature  was  approximately  180  to  210° F higher  than  the  reactor  bed 
exlc  temperature.  This  temperature  drop  from  the  preheat  zone  to  the  bed  exit 
thus  provided  part  of  the  required  heat  of  the  endothermic  reaction.  It  should 
be  noted  that  the  preheat  temperature  should  be  above  the  minimum  soot  temperature, 
i.e,  the  temperature  below  which  soot  will  deposit  on  the  catalyst.  Even  so,  the 
preheat  temperature  was  higher  than  needed. 

The  thermocouples  TC-52  and  TC-53  measure  the  wall  temperature  of  the 
reactor  at  the  10"  and  5"  levels  from  the  bottom  of  the  reactor  bed  respectively. 
Thermocouple  TC-55  measures  the  temperature  of  the  catalyst  bed  in  the  center  of 
the  reactor  at  10"  and  5"  level  from  the  bottom  ot  the  reacto..  Figure  5-8  shows 
the  temperature  gradient  from  the  reactor  wall  to  the  center  of  the  reactor  at  the 
same  height  of  the  reactor  bed.  It  indicates  that  there  is  about  10°  - 201>F  and  20° 
40° F temperature  drop  from  the  wall  to  the  center  of  the  bed  at  the  top  and  the 
middle  of  the  reactor  bed  respectively.  This  small  A T indicates  a low  heat 
transfer  rate,  which  Is  consistent  with  the  high  preheat  temperature  discussed 
earlier. 

5.2.5  Liquid  Hydrocarbons  in  Condensate 

As  discussed  In  Section  5.1,  some  of  the  condensate  samples  hat!  a 
yellowish  looking  oily  film  or  oily  droplets  floating  on  top  of  the  water  level 
at  lower  bed  temperatures.  However,  tills  was  essentially  eliminated  as  the 
temperature  of  the  reactor  bed  was  increased  to  820°F,  This  oil  represents  the 
heavv  end  of  the  Indolene  as  an  analysis  indicated  that  W of  the  sample  had  a 
boiling  point  near  the  top  end  of  the  h.p.  of  Indolene.  It  was  also  found  that 


the  olefinle  and  aromatic  content  of  the  vellowish  oil  was  higher  than  for  Indolene. 
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6.0  CONCLUSIONS 

1.  Methanol  contaminated  with  gasoline  can  be  gasified  in  a conventional 
methanol  steam  reformer  to  produce  a hydrogen-rich  gas  suitable  for  utiliza- 
tion in  a phosphoric  acid  fuel  cell.  However,  more  severe  operating  conditions 
must  be  used  and  a slightly  lower  quality  product  gas  is  produced. 

2.  It  has  been  found  for  a 90/10  methanol/gasoline  (by  weight)  mixture  that 
an  operating  temperature  of  650-750°F  is  required.  At  these  temperatures 
essentially  all  of  the  gasoline  is  converted  into  gaseous  hydrocarbons, 
primarily  methane.  At  650°F  traces  of  a light  yellow  hydrocarbon  liquid  are 
present  in  the  product  gas  (after  cooling)..  At  750°F  this  yellow  oil  Is 
reduced  to  a minor  trace,  which  at  820°F  had  totally  disappeared.  It 
appears  that  the  yellow  oil  represents  the  heavy  end  of  the  gasoline.  As 
such  it  should  be  a vapor  at  the  fuel  cell  stack  temperature,  and  should  not 
intcrtere  with  the  stack  operation.  However,  experiments  with  an  actual 
fuel  cell  are  needed  to  confirm  this. 

3.  A steam  to  carbon  ratio  of  3,8  was  required  to  prevent  soot  formation 
and  at  the  same  time  minimize  the  yellow  oil  in  the  condensate.  A minimum 
temperature  of  650°F  was  required  to  prevent  soot  formation.  This  implies 
that  the  mlnimuto  preheat  temperature  must  be  above  650°F.  It  appears  that 
a lower  gasoline  content  mixture  can  be  processed  with  a lower  steam  to 
carbon  ratio. 

4.  The  T-2107  catalyst  has  shown  good  activity  over  a wide  range  of 
operating  conditions,  specifically  temperature.  It  has  retained  its 
activity  over  the  100  hour  test  and  shows  good  prospects  for  long  life. 

5.  The  carbon  monoxide  content  of  the  product  gas  in  the  100  hour  test 
was  l.S  - 2.07'..  This  is  somewhat  above  the  1%  maximum  level  that  Is 
normally  specified  for  a phosphoric  acid  cell.  Operation  at  this  higher 
CO  level  will  result  in  somewhat  lower  performance.  A definite  way  of 


-18- 

o 

Lowering  the  CO  content  is  to  cool  the  product  gas  to  400  F and  to  pass  it 
over  a small  bed  of  low  temperature  shift  catalyst  (e.g,  T-2107). 

6.  The  sulfur  in  the  gasoline  (0.03  weight  percent)  will  poison  the 
T-2107  catalyst  in  time.  The  copper  and  zinc  are  converted  into  sulfides 
which  are  not  catalv tical  lv  active.  To  prevent  this  a bed  of  zinc  oxide  can 
be  placed  between  the  fuel/steam  preheater  and  the  steam  reformer.  Periodic 
replacement  of  the  zinc  oxide  bed  will  insure  that  the  bed  does  not  become 
saturated . 

The  zine  oxide  will  not  remove  all  sulfur  compounds,  so  that  prolonged 
operation  on  gasoline  contaminated  methanol  will  slowly  poison  the  catalyst 
with  sulfur.  A possible  remedy  would  be  to  use  high  temperature  shift  con- 
verter catalyst  (Fe),  as  FeS  has  catalytic  activity.  To  confirm  this  further 
experimental  work  is  required. 

7.  The  following  hardware  changes  to  the  conventional  steam  reformer  should 
In'  made  to  enable  operation  on  methanol  that  is  contaminated  with  gasoline  or 
dii'se)  fuel: 

a.  Increase  preheater  size  (to  reach  6S0°F  preheat) 

b.  add  zinc  oxide  bed  between  preheater  and  steam  reformer  to  remove 
sulfur  compounds 

c.  increase  the  heat  transfer  rate  to  the  steam  reformer  tubes  to 
accomodate  higher  steam  to  carbon  ratio  (3.8)  and  a higher  bed 

O ,v 

temperature  (hr>0~7r>0  K) 

d.  possibly  provide  product  cooling  to  400*' F and  a secondary  low 
temperature  shift  converter  to  reduce  the  carbon  monoxide  content 


below  one  percent 
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Table  3-1 


Physical  and  Chemical  Characteristics  of  Test  Catalysts 


Trade  Name 

Girdler* 

T-2107-RS 

Girdler* 

G-66B-RS 

Girdler 

G-56B 

ICI* 

52-1 

Particle  Size,  Inches 

1/8"  x 1/8" 

1/4"  x 1/8" 

1/8"  x 1/8" 

1/8"  x 3/16 

Bulk  Density,  lbs/cu.ft. 

N/A 

80 

53  + 4 

165 

Chemical  Analysis 

% A1 

10.7 

<0.06 

74.0 

5.29 

% Cu 

33.1 

25.5 

0.0 

20.1 

% Zn 

16.3 

51.9 

0.0 

35.2 

% Ni 

0.0 

0.0 

25.0 

0.0 

* By  Pomeroy,  Johnston  and  Bailey  Lab. 
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Teat  Results  of  Sfe-am  Reforming  of  Methanol  /Gasoline  (90/10  X by  Wt. 


2 


Table  4-2 


21 


i 

m 

tj 

c 

4i 

m <v 

k|  « 

c c 

* N<  4r 

-A 

3 

Vj  O o o o o c. 

J 

!se 

i*N  M O m O 'C  <f 

o 

■»  < 
B ' 

•a 

.5 

rW 

3|  M 

oO  O O'  pfi  O sc  o 

in  O 05  ^ N ij  M 

>£5  N ifl  f'  A~-  A"  »-* 

5 

N C 
tn  V 

t 

r" 

sf 

■4 

H 

r n o vC  n 3in 

h sr  ^ ^ vj  o 

CO  rv.  r-  ; - i->  a-  a- 

SC*  c 

s 1 
(_ 

(N 

N 

oo  \o  -4  i~~  O m o 

AN  An  Cl  vt  -4  -1  'J 

1c 

:i 

«4  U 
h 

tJ  « 

15 

3 

-3 

e 

f-  N -H  « O in  -3 

m -4-4-4  -4-4-4 

5 o 

• u 

2 

>0  (->»-.  O'  O nC  o 

O i/mO  in  -4  f-» 

fr  ~ 

a 8 

m m r-i  O O NO 

»T>  r-H  O O f-l  O'  nO 

AM  N N N «N  ~i  -N 

M ' 

>T* 

o N cn  O O O r- 

■— i O O'  <J0  O O a-- 

s : 

3 

4> 

V*  f*. 
KO 
UJ 

•-i  cO  O -3  r-  n tj> 

vO  lA  o O l/'l  00  00 

in  in  <0  <£  »n  «t  m 

4 

»- 

I 

u 

4 

i». 

IIO 

u 

A. 

C 00  IN  Nj  N IN  N 

in  m in  o *-*  •—  •— * 

<c>  <£>  vO  m in  in  in 

8 ^ 

*•  0 8 £> 
m m « w 

rl  U W <u 

«M  o 

O M 

m rn  m m h p£  >£ 

3*  91  ?p  4 n h ih 

w 

w 

a 

! «* 

^ * 

a 

pf  n n rs  m h 

i 

c ; 

■« 

‘-3 

in  in  in  in  in  in 

cn  o O O O O O 

►. 

* 

X 

g V - 

ii 

*-»  *< 

** 

O <o  « n 4 4 4 

—«  m m o >*  m <n 

m IN  IN  AJ  IN  N M 

i* 

(A 

«»v 

pi  H W 

III 

m « « O O'  O O 

n pf  h O'  n 

m h h go  -4  am  <m 

N »-*  M 

w 

1 • 

K 

B 9 
1 fl  1 

S 5 

r-J  IN  AN  IN  NN  N 

N N IN  IN  M N 

• " 

*4 

a 

« 

»< 

$ ^ 

•C  O O O o o o 

n N N AN  N f i IN 

O'  o o o o o o 

N Ai  fl  N N Al 

8 . 

am  ri  rj  ia  an  m 

Ji 

tn  -»  in 

ao  «5  «o 

rN  an  *M 

Table  4-3 


3ft  *q  X 0T/06)  ®oilo««o/tou»m®n  J°  Suptiojaij  ta»»3S  jo  «Tn»»l  3»®X 


(100  Hour  Test  Run) 


i bn 


TABLE  5-1 


H tt  O'  (M  H lA  N 
O O'  Ch  O O X X 
00  00  O'  On  CT' 


qo  ac  od  oo  oc  cd  oc 

, ri  m m cl  m fsi 


fMrs^OvC^yOCDHH 

r^r^r^r.r^r^-r^r-r^r^ 


N n O h O >J  (^iinr*~i.^OOrNjfN»-Hr~cT'aCk/^f*^'^Xf^O 
XXX  XXX  XXXXXX  XXXXiir»ir\M-V4/-»i/^i/^^>x 


CO®OOcCOOOONr\|(NfN|iN^iCOOO(NHH 


in  in  m irt  m n 


o o o o o o o 


o o o o o o o 

u*i  t/i  in  in  m ia  in 

o o o o o o o 


oooooooooooooooooooooooo 


' f*"'  **"'  -5  -1  -J  •-J  ^5  'T  -~y  -y  **  '1  <s>  inLniniAini,'inin^ 


TABLE  5-1 


9*>H 


TABLE  5-1 


28 


STEAM  REFORMING  OF  METHANOL/ 
GASOLINE  (90/10  BY  WT.) 


Figure  2- i Schematic  of 
Steam  Reformer 
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STEAM  REFORMING  OF  METHANOL/GASOLINE 


REACTOR  BED  EXIT  TEMPERATURE 


STEAM  REFORMING  OF  METHANOL/GASOLINE 

(90/10  BY  WT.) 


REACTOR  BED  EXIT  TEMPERATURE, 


STEAM  REFORMING  OF  METHANOL/GASOLINE 


REACTOR  BED  EXIT  TEMPERATURE 


STEAM  REFORMING  OF  METHANOL/GASOUNE 

(90/10  BY  WT.) 


i 800  1000 

REACTOR  BED  EXIT  TEMPERATURE 


REFORMING  OF  METHANOL/GASOLINE 
(90/10  BY  WT.) 


REACTOR  BED  EXIT  TEMPERATURE, 


CO  + CO 
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STEAM  REFORMING  OF 
METHANOL/GASOLINE 
(90/10  BY  WEIGHT) 


Figure  4-6  Effect  of  Reactor  Bed 
Temperature  on  Caseous 
Hydrocarbons 
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STEAM  REFORMING  OF  METHANOL/GASOLINE 
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STEAM  REFORMING  OF  METHANOL,  GASOLINE  (90  10  BY  WT . ) 
100  HOURS  TEST 


Figure  5-3  Effect  of  Reactor  Beil 
Temperature  on  Hydrogen  Yield 
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STEAM  REFORMING  Of  METHANOL  GASOLINE  (90  IOSYWIj 
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Figure  5-4  Effect  of  Reactor  Bed 
Exit  Temperature  on  Gaseous 
Hydrocarbons 


Figure  5-5  Carbon  Dioxide  and 
Hydrogen  Concentration  (Dry  Basis’, 
During  100  Hour  Test 


Figure  5-6  Carbon  Monoxide  and 
Methane  Concentration  (Dry  Basis) 
During  100  Hour  Test 


REFORMING  OF  METHANOL  GASOLINE  (90  10  BY  WT.) 
100  HOURS  TEST 


Figure  5-7  Bed  Exit  and  Gas-Pre- 
heat  Temperatures  in  100  Hour  Test 


STEAM  REFORMING  OF  MtTFiANOL/GASOUNE  190,  10  BY  WT  ) 
100  HOURS  TEST 


Figure  5-8  Reactor  Bed  and  Reac- 
tor Wall  Temperature  Profile  in 
100  Hour  Test 
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Figure  5-9.  Product  Distribution 


APPENDIX 


Equilibrium  Product  Composition  of  Methyl  Fuel 
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APPENDIX 


EQUILIBRIUM  PRODUCT  COMPOSITION  OF  METHYL  FUEL 

The  equilibrium  product  compositions  of  90/10  methanol/gasoline  mixtures 
(by  weight)  have  been  calculated  with  the  CEC  71  Computer  program.  This  program 
is  based  on  the  minimization  of  Gibb's  Free  Energy  of  the  System.  A subprogram 
has  been  added  to  the  main  program  to  enable  plotting  of  the  equilibrium  composi- 
tion versus  the  input  conditions  such  as  steam  to  carbon  ratio.  The  results  of 
the  program  can  be  used  further  to  calculate  the  yield  in  terms  of  product  to  fuel 
carbon  molar  ratio.  The  moles  of  hydrogen  plus  carbon  monoxide  produced  per  mole 
of  fuel  carbon  input  were  also  calculated.  Such  normalized  data  represents  a good 
means  for  comparing  yields. 

The  ranges  of  this  survey  are  listed  in  Table  A where  the  ranges  of  temperature, 
pressure,  and  steam  to  carbon  ratio  of  the  reactants  are  given. 

TABLE  A 

RANGE  OF  OPERATING  CONDITIONS  OF  STEAM 
REFORMING  SURVEY 

Pressure  (atm):  1,  3,  5 

Temperature  (°F)  400,  600,  800, 

1000,  1200,  1400,  1600 

Steam  to  Carbon  Molar  Ratio:  0-15 

The  main  products  at  various  steam  to  carbon  ratios  are  given  in  Figures  1 to  21  in  molt 
fractions  and  in  ladles  1 to  21.  In  those  figures,  the  unconverted  water  increases  as  t 
steam  to  carbon  ratio  increases.  Methane  decreases  as  the  steam  to  carbon  ratio  and 
temperature  increase.  Pressure  has  only  a small  effect.  The  hydrogen  yield  at 
400°F  is  very  low.  It  increases  very  fast  as  the  temperature  is  increased.  At 
low  temperatures  the  yield  is  not  sensitive  to  steam  to  carbon  ratio.  As  the 
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temperature  increases  further,  the  hydrogen  yield  reaches  a maximum  and  then 
gradually  decreases.  Carbon  monoxide  decreases  with  an  increase  of  steam  to 
carbon,  because  carbon  monoxide  shifts  to  hydrogen. 

The  products  can  be  normalized  by  expressing  them  as  moles  of  product 
per  mole  of  fuel  carbon  The  results  of  this  calculation  are  given  in  Tables  22 
to  42  as  a function  of  temperature  and  pressure.  The  tables  are  tabulated  in 
both  weight  and  molar  steam  to  carbon  ratios.  Those  results  are  also  plotted 
in  Figures  22  to  42..  The  plots  show  that  the  normalized  hydrogen  plus  carbon 
monoxide  yield,  reaches  a plateau  around  a steam  to  carbon  ratio  of  2.  This  means 

that  the  maximum  hydrogen  yield  can  not  be  increased  beyond  a steam  to  carbon 

ratio  of  2.  The  physical  explanation  of  this  fact  that  after  the  steam  to  carbon 
molar  ratio  reaches  2,  the  increase  in  hydrogen  is  only  at  the  expense  of  a decrease 
in  carbon  monoxide.  This  gives  an  important  reason  for  not  using  too  much  steam, 
as  it  requires  energy  to  generate  the  steam.  One  must  also  consider  the  heat  of 
reaction  in  this  reactor,  and  express  the  amount  of  energy  required  in  terms  of 
mass  of  fuel  that  is  needed.  Sometimes,  this  energy  can  be  supplied  by  a source 
of  waste  heat. 

In  other  cases  a fraction  of  the  total  fuel  input  must  be  used  to  produce 
a heat  source.  However,  the  efficiency  of  utilization  of  this  heat  depends  on 

the  size  of  the  heat  exchangers  used  etc.  This  is  beyond  the  scope  of  this  survey. 
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